Hyperbaric oxygen (HBO) treatment as used therapeutically has been shown to induce DNA damage in the alkaline comet assay with leukocytes from test subjects. Using formamidopyrimidine-DNA glycosylase, a DNA repair enzyme which specifically nicks DNA at sites of 8-oxoguanines and formamidopyrimidines, we have detected enhanced DNA migration, indicating significant oxidative base damage, after HBO treatment Increased DNA damage was seen immediately at the end of treatment, while 24 h later no effect was found. We now show that HBO-induced DNA strand breaks and oxidative base modifications are rapidly repaired, leading to a reduction in induced DNA effects of >50% during the first hour. A similar decrease was found in blood taken immediately after exposure and post-incubated for 2 h at 37°C in vitro and in blood taken and analysed 2 h after exposure, suggesting similar repair activities in vitro and in vivo. When the same blood samples showing increased DNA damage after HBO in the comet assay were analysed in the micronucleus test, no indications of induced chromosomal breakage in cultivated leukocytes could be obtained. The results suggest that the HBOinduced DNA effects observed with the comet assay are efficiently repaired and are not manifested as detectable chromosome damage.
Introduction
Hyperbaric oxygen (HBO) treatment (i.e. exposure to 100% oxygen at a pressure of 2.5 ATA in a hyperbaric chamber for a total of 3X20 min periods, interspersed with 5 min air breathing) caused clear and reproducible DNA effects in the comet assay with leukocytes (Dennog et al, 1996) . Increased DNA migration (tail moment) was found in all subjects tested and was due to increased DNA damage in the majority of leukocytes. The DNA-damaging effect of HBO treatment was seen immediately at the end of exposure, while 24 h later no effect was found, indicating rapid repair of the induced DNA damage. Using bacterial formamidopyrimidine-DNA glycosylase (FPG) we detected significant oxidative base damage after HBO treatment. FPG removes oxidized DNA bases and the resulting abasic sites are converted into DNA single-strand breaks by the associated endonuclease activity, which can be quantified by the comet assay (Collins et al, 1993) . Among the DNA base modifications, shows the highest affinity for FPG and is proposed to be the biologically most relevant substrate for this DNA repair enzyme (Tchou et al, 1991) . 8-oxoGua is one of the major DNA modifications induced by reactive oxygen species and has attracted special attention because it is a mutagenic lesion and induces G->T transversions due to its mispairing properties (Grollman and Moriya, 1993) . Oxidative DNA damage has also been implicated in the induction of chromosme aberrations (Gille et al, 1993) and it has been suggested that 8-oxoGua is directly involved in the process of carcinogenesis (Floyd, 1990; Loft and Poulsen, 1996) .
The comet assay is a sensitive genotoxicity test and detects a broad spectrum of DNA damage (Tice, 1995) . In its alkaline version, as used in our studies, the test allows for detection of DNA single-strand breaks, incomplete excision repair sites and alkali-labile sites. The biological significance of DNA effects seen in the comet assay is not yet absolutely clear. Although many agents that have been tested with the comet assay and found to induce DNA migration also have mutagenic and clastogenic properties, it is possible that certain effects seen with the comet assay are not directly related to the process of mutagenesis (Speit et al, 1996) . Since HBO is, on the one hand, a widely used medical treatment (Tibbies and Edelsberg, 1996) and, on the other hand, an excellent model for investigation of oxidative stress in vivo we have investigated two aspects related to the genetic consequences of the observed DNA effects. We studied the repair of strand breaks and oxidative base damage and tried to find out whether the observed DNA effects are manifested as chromosome damage by analysing the same blood samples in the micronucleus test.
Materials and methods

Test persons and HBO treatment
Healthy male volunteers (non-smokers, 25-34 years) gave informed consent to participate in this study. They were exposed to 100% oxygen at a pressure of 2.5 ATA in a hyperbaric chamber for a total of 3X20 min periods, interspersed with 5 min periods of air breathing, this being a standard HBO treatment protocol. Venous blood samples were taken before HBO exposure, immediately on exit from the chamber and 2 h later. The blood samples were kept on ice and brought to the laboratory where the comet assay was started within 1 h.
Comet assay
The procedure described for the alkaline version of the comet assay by Singh et al. (1988) was followed with the modifications introduced by Klaude et al (1996) . Microscope slides (with frosted ends) were coated with 1.5SS; agarose (Roth, Karlsruhe, Germany) and air dried. Aliquots of 4 nl heparinized whole blood were mixed with 120 |xl low melting agarose (0.5%, LMA; Biozym, Germany) and added to the slides. The slides were covered with a coverslip and kept in a refrigerator for 3 min to solidify the LMA. Then the coverslips were removed and the slides processed as described previously (Dennog et al., 1996) . The time of alkali denaturation was 40 min and the time of electrophoresis (0.86 V/cm) 20 min. The presence of oxidative DNA base damage was determined with a modified protocol using bacterial FPG. After lysis, slides were washed three times in enzyme buffer (50 mM Na3PO 4 , 10 mM EDTA, 100 mM NaCl, pH 7.5), drained and the agarose covered with 200 joJ either buffer or FPG (1 Jlg/ml) in buffer, sealed with a coverslip and incubated in the dark for 30 min at 37°C. The time of alkali denaturation was 20 min and all other steps were as described above. Images of 50 randomly selected 
Micronucleus test
The test protocol was performed according to Surralles et al. (1992) with minor modifications. Samples of 0.3 ml whole blood were suspended in 2.7 ml RPMI 1640 cell culture medium (Gibco), supplemented with 10% fetal calf serum, 50 u.g/ml gentamycin and 0.24 mg/ml PHA-L.The cultures were incubated for 68 h at 37°C. To block cytokinesis, 6 Hg/ml cytochalasin B (Cyt-B; Sigma, MUnchen, Germany) was added after 44 h culture. For harvesting cultures were centrifuged for 5 min at 120 g and the supernatant aspirated. The pellet was treated with 3 ml 0.56% KC1 (4°C) and immediately centrifuged (5 min, 95 g). After centrifugation the supernatant was discarded and the cells fixed for 10 min in ice-cold methanol:glacial acetic acid (5:1) mixed with an equal volume of 0.9% NaCl under constant shaking to prevent cell clumping. The cells were centrifuged (5 min, 105 g), the supernatant discarded and the cells resuspended in ice-cold methanol:glacial acetic acid (5:1). This step was repeated three times. After fixation the cell suspension was dropped gently onto clean dry slides. The slides were air dried and then stained for 10 s with acridine orange (0.125 mg/ml in phosphate buffer, pH 6.8), followed by a washing step in phosphate buffer for 2 min. Two parallel slides per sample were examined to determine the frequency of micronuclei in 1000 binucleated cells.
Results and discussion Figure 1 shows the decrease in HBO-induced DNA effects 1 and 2 h after the end of treatment. As reported previously (Dennog et al., 1996) , there is a significant increase in DNA migration immediately after HBO treatment. Mean tail moment values for the four subjects increased from 0.07 (before HBO) to 0.33 (after HBO). This effect is strongly enhanced by posttreatment with FPG, indicating the presence of significant oxidative DNA base damage. Both effects are clearly reduced after 1 h post-incubation of the blood samples at 37°C. The effect in the absence of FPG (representing single-strand breaks and alkali-labile sites) is reduced to ~50%, while the decrease in the effect caused by oxidative base damage is even stronger (~60%). A further but smaller decrease in both types of DNA effect is seen after 2 h, leaving ~30-40% residual DNA effects. Lymphocytes treated in vitro with H 2 O 2 also showed a decrease in strand breaks to ~50% after 2 h, but limited repair of oxidized pyrimidines (detected with endonuclease DJ) during a 4 h incubation (Collins et al., 1995) . It has recently been shown in experiments with human respiratory tract epithelial cells that some H 2 O 2 -induced oxidative base modifications were quickly removed from the DNA (e.g. 8-oxoGua), whereas others persisted for longer (Spencer et al., 1996) . These differences are probably due to differential activity of different repair enzymes. Furthermore, the profile of HBO-induced oxidative damage is probably different from the pattern induced by H 2 O 2 in vitro. DNA effects detected with the comet assay under alkaline conditions (pH > 13) in the absence of FPG may represent DNA single-strand breaks, incomplete excision repair sites and alkali labile sites. Thus the effect seen at a given time point may consist of the actual amount of induced strand breaks and the actual activity of excision repair. Incuba- tion of damaged cells with aphidicolin (APC), an inhibitor of DNA synthesis, can be used to provide indirect evidence for the contribution of repair to the observed effects (Collins et al., 1995; Speit and Hartmann, 1995) . Figure 2 shows that postincubation of blood samples after HBO exposure in the presence of APC (15 |iM) strongly enhances DNA migration, indicating an accumulation of incomplete repair sites. Obviously, excision repair occurs after HBO treatment and significantly contributes to the observed effects. At present it cannot be stated whether the remaining effects are due to residual damage, repair activity or both. Interestingly, the reduction in DNA migration seen after in vitro incubation of blood samples was also seen in vivo. When blood samples were taken and analysed 2 h after HBO treatment the resulting tail moment values were very similar to those obtained from blood samples taken immediately after exposure and analysed after 2 h postincubation at 37°C (Fig. 2) . In samples taken 2 h after HBO treatment we did not find an additional increase using FPG (data not shown). These preliminary findings indicate that repair of HBO-induced oxidative damage is also very efficient in vivo. It should be recognized in this context that a high amount of oxidative damage is produced during normal cellular metabolism and defence mechanisms have evolved to prevent the induction of mutations and other adverse effects (Anderson, 1996) . To further clarify the biological significance of our results with the comet assay, we investigated whether the observed DNA effects are manifested as chromosome damage. We compared induction of micronuclei and DNA migration in the same blood samples of volunteers (young healthy non-smokers without drug treatment) after a single HBO exposure. The micronucleus test (MNT) with human lymphocytes is a wellestablished and sensitive test for evaluation of chromosome breakage in humans (Fenech, 1993) . Table I summarizes the results for nine volunteers, two of them being tested twice. It can be seen that there is no significant increase in frequency of micronuclei after HBO exposure. All values are in the range of normal controls. There is also no significant difference when comparing the mean of the 11 values (0.53 ± 0.31 versus 0.66 ± 0.25). In an earlier study increased frequencies of chromosome aberrations after HBO exposure were reported (Guskov et al., 1990) . However, this effect was found for patients with various diseases and drug treatments after repeated HBO exposures. In contrast to our negative result in the MNT, all subjects exhibit a significant but variable increase in DNA migration in the standard protocol (mean tail moment increased from 0.07 to 0.31) and show a clear additional increase after FPG treatment (Table I) . Obviously, there is no correlation between the effect in the comet assay and individual micronucleus frequency. The negative result in the MNT might be due to differences in the experimental protocol causing a lower sensitivity of the assay. In the MNT a possible effect is confined to proliferating lymphocytes, which represent only a small fraction of nucleated cells in whole blood. However, increased DNA strand breakage and oxidative base damage was found after HBO exposure in the whole population of white blood cells (Dennog et al., 1996) . It is also known that unrepaired oxygen-induced DNA damage can lead to chromosome aberrations (Gille et al., 1993) . We therefore conclude that the DNA effects seen in the comet assay after HBO exposure are not accompanied by increased frequencies of chromosome breaks because the primary damage is repaired before chromosome aberrations are produced. Rapid repair of HBO-induced DNA damage has now been demonstrated and cells have a prolonged time period for repair during cultivation in the MNT. Further studies are in progress to elucidate the relationship of DNA effects in the comet assay to other genetic end points.
